Protein-phosphoinositide interaction participates in targeting proteins to membranes where they function correctly and is often modulated by phosphorylation of lipids. Here we show that protein phosphorylation of p47 phox , a cytoplasmic activator of the microbicidal phagocyte oxidase (phox), elicits interaction of p47 phox with phosphoinositides. Although the isolated phox homology (PX) domain of p47 phox can interact directly with phosphoinositides, the lipid-binding activity of this protein is normally suppressed by intramolecular interaction of the PX domain with the C-terminal Src homology 3 (SH3) domain, and hence the wild-type full-length p47 phox is incapable of binding to the lipids. The W263R substitution in this SH3 domain, abrogating the interaction with the PX domain, leads to a binding of p47 phox to phosphoinositides. The findings indicate that disruption of the intramolecular interaction renders the PX domain accessible to the lipids. This conformational change is likely induced by phosphorylation of p47 phox , because protein kinase C treatment of the wild-type p47 phox but not of a mutant protein with the S303͞ 304͞328A substitution culminates in an interaction with phosphoinositides. Furthermore, although the wild-type p47 phox translocates upon cell stimulation to membranes to activate the oxidase, neither the kinase-insensitive p47 phox nor lipid-bindingdefective proteins, one lacking the PX domain and the other carrying the R90K substitution in this domain, migrates. Thus the protein phosphorylation-driven conformational change of p47 phox enables its PX domain to bind to phosphoinositides, the interaction of which plays a crucial role in recruitment of p47 phox from the cytoplasm to membranes and subsequent activation of the phagocyte oxidase. O ne of the most dominant themes in current cell biology is acute and sophisticated targeting of proteins to new cellular locations, e.g., to membranes, the nucleus, and so forth. Recruitment of proteins to cell membranes is often triggered by phosphorylation of the lipid phosphatidylinositol (PtdIns), which can create targeting sites for proteins (1, 2). The phosphorylation or hydrolysis of inositol-containing lipids in cell membranes is currently known to orchestrate numerous complex cellular events (3, 4). A variety of protein modules such as pleckstrin homology and FYVE domains recognize specific phosphoinositides (phosphorylated forms of PtdIns) to recruit proteins to appropriate cell membranes (1, 2).
O
ne of the most dominant themes in current cell biology is acute and sophisticated targeting of proteins to new cellular locations, e.g., to membranes, the nucleus, and so forth. Recruitment of proteins to cell membranes is often triggered by phosphorylation of the lipid phosphatidylinositol (PtdIns), which can create targeting sites for proteins (1, 2) . The phosphorylation or hydrolysis of inositol-containing lipids in cell membranes is currently known to orchestrate numerous complex cellular events (3, 4) . A variety of protein modules such as pleckstrin homology and FYVE domains recognize specific phosphoinositides (phosphorylated forms of PtdIns) to recruit proteins to appropriate cell membranes (1, 2) .
The phagocyte oxidase (phox) homology (PX) domain (5) , also known as the phox and Bem1p 2 (PB2) domain (6, 7) , occurs in the phox proteins p47 phox and p40 phox in mammals, the polarity establishment protein Bem1p in budding yeast, and a variety of eukaryotic proteins involved in membrane trafficking. We have determined the NMR structure of the PX domain of p47 phox and demonstrated that it interacts with the C-terminal Src homology 3 (SH3) domain of this protein (8) . The p47 phox PX domain consists of an antiparallel ␤-sheet formed by three strands and four helices, and an inspection of the molecular surface of the p47 phox PX structure reveals a positively charged deep pocket (8) that is supposed to interact with a negatively charged small molecule. Indeed it has been uncovered recently that PX domains function as a phosphoinositide-binding module (9) (10) (11) (12) (13) (14) . However, it is presently unknown how the lipid-binding activity of PX domains is regulated.
The phagocyte oxidase, dormant in resting cells, becomes activated during phagocytosis to produce superoxide, a precursor of microbicidal oxidants, in consumption with NADPH (6, (15) (16) (17) (18) . The significance of the NADPH oxidase in host defense is exemplified by recurrent and life-threatening infections that occur in patients with chronic granulomatous disease, the phagocytes of which lack the superoxide-producing system (15) (16) (17) (18) . The catalytic core of the enzyme is a membrane-integrated flavocytochrome, namely cytochrome b 558 , comprised of the two subunits gp91 phox and p22 phox . The activation of the oxidase requires the proteins p47 phox and p67 phox and the small GTPase Rac, which exist in the cytoplasm of resting phagocytes and translocate after cell stimulation to membranes to interact with the cytochrome, leading to superoxide production (6, (15) (16) (17) (18) (19) .
It is well established that p47 phox plays a central role in membrane translocation of cytosolic factors, an event that is essential for activation of the NADPH oxidase: In chronic granulomatous disease patients with p47 phox deficiency, p67 phox fails to migrate, whereas p47 phox becomes targeted to membranes in stimulated phagocytes from p67 phox -defective patients (20) . The resting form of p47 phox is likely in a closed inactive conformation where its two SH3 domains are masked via an intramolecular interaction with the C-terminal region of this protein (7, 21) . Upon cell stimulation, p47 phox becomes phosphorylated at the C-terminal quarter, which causes a conformational change that leads to exposure of the SH3 domains (7, 21, 22) . The unmasked SH3 domains directly bind to p22 phox , an interaction that is required for membrane translocation of p47 phox and resultant activation of the oxidase (21, 23) . Thus the SH3 domains of p47 phox participate in the interaction with p22 phox , whereas the C-terminal region negatively regulates the translocation of p47 phox via the intramolecular interaction with the SH3 domains. However, the role of the N-terminal PX domain has remained to be elucidated.
Here we show that the PX domain of p47 phox exhibits a phosphoinositide-binding activity that is normally suppressed by interacting intramolecularly with the C-terminal SH3 domain.
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Stimulus-induced phosphorylation of p47
phox disrupts the intramolecular interaction to render the PX domain in a state accessible to phosphoinositides, which promotes membrane translocation of this protein and thus plays a crucial role in activation of the phagocyte NADPH oxidase. This work provides a previously unknown example of protein phosphorylation eliciting protein-phosphoinositide interaction for its recruitment to membranes.
Experimental Procedures Plasmid Construction and Expression and Purification of Recombinant
Proteins. The DNA fragment encoding the full-length p47 phox or PX domain (p47-PX; amino acids 1-128) was amplified by PCR using a cloned human p47 phox cDNA. Mutations leading to the indicated amino acid substitutions were introduced by PCRmediated site-directed mutagenesis (7) . The DNAs were ligated to pGEX-2T (Amersham Biosciences) and͞or pREP4 (Invitrogen) and sequenced for confirmation of their identities. Proteins fused to glutathione S-transferase (GST) were expressed in Escherichia coli strain BL21 and purified by glutathioneSepharose 4B (Amersham Biosciences) as described (7, 24 Liposomes (100 M) were incubated with the indicated GSTfusion proteins (100 pmol) in 50 l of the sample buffer for 10 min at room temperature and collected by ultracentrifugation at 100,000 ϫ g for 45 min. The supernatant was removed carefully, and the liposome pellet was resuspended in 50 l of the sample buffer. Samples were analyzed by 10% SDS͞PAGE and stained with Coomassie brilliant blue. To estimate the amounts of proteins on the gel, densitometric analysis was carried out by using NIH IMAGE software.
Phosphorylation of Recombinant p47 phox by Protein Kinase C (PKC).
Phosphorylation of recombinant GST-p47 phox was carried out by using human recombinant PKC␤2 (Calbiochem) as described (22) . Phosphorylation of p47 phox was confirmed by a retarded mobility of the protein on SDS͞PAGE and by incorporation of the radioactivity from [␥-32 P]ATP as described (22) . The protein-phosphatase inhibitor NaF (50 mM) was added to the solution of phosphorylated protein, which was used for the liposome-binding assay. NH 4 Cl (1 g͞liter) and purifying as described (8) . NMR spectra were recorded at 25°C on a Bruker (Billerica, MA) DMX600 spectrometer. The NMR sample contained 0.2 mM p47-PX protein, 5 mM sodium-Mes buffer (pH 5.5), and 5 mM DTT in 95% . Figures were drawn by using the program MOLMOL (27) .
Activation of the NADPH Oxidase in a Whole-Cell System. We transduced both gp91 phox and p67 phox genes into the leukemic cell line K562 cells as described (7) . The pREP4 vector encoding the wild-type full-length p47 phox (amino acids 1-390), a full-length mutant p47 phox carrying the R90K or S303͞304͞328A substitution, or a PX-truncated p47 phox (p47-⌬PX, amino acids 129-390) was transfected by electroporation to the doubly transduced K562 cells. The K562 cells stably expressing the wild-type or mutant p47 phox were selected, and the stable expression in Ͼ99% of cells used was confirmed by flow cytometer (FACScan, Becton Dickinson) using anti-p47 phox antibody (Transduction Laboratories, Lexington, KY). Superoxide production by the K562 cells (1 ϫ 10 5 cells) in response to 200 ng͞ml of phorbol 12-myristate 13-acetate (PMA) was determined as superoxide dismutase-inhibitable chemiluminescence detected with an enhancer-containing luminol-based detection system (DIOGENES, National Diagnostics) as described (7, 28) .
Membrane Translocation of p47 phox . The K562 cells expressing the wild-type or mutant p47 phox protein were suspended at a concentration of 1 ϫ 10 7 cells per ml in PBS (137 mM NaCl͞2.68 mM KCl͞1 mM CaCl 2 ͞1 mM MgCl 2 ͞5 mM glucose͞8.1 mM Na 2 HPO 4 ͞1.47 mM KH 2 PO 4 , pH 7.4) and stimulated for 10 min at 37°C with PMA (200 ng͞ml). After centrifugation, cells were resuspended in relaxation buffer (100 mM KCl͞3 mM NaCl͞3.5 mM MgCl 2 ͞1.25 mM EGTA͞20 M p-amidinophenylmethanesulfonyl fluoride/80 g/ml leupeptin͞20 g/ml pepstatin A͞20 g/ml chymostatin͞10 mM Hepes, pH 7.4) and lysed by three rounds of 5-sec sonication. The sonicates were centrifuged at 10,000 ϫ g for 10 min, and the supernatant was overlaid on a 10% (wt͞vol) sucrose cushion followed by ultracentrifugation at 150,000 ϫ g for 30 min. The high-speed supernatant was used as the cytosolic fraction, whereas the high-speed pellet was washed three times with relaxation buffer, suspended in Laemmli sample buffer, and used as the membrane fraction. Proteins were analyzed by Western blot with the anti-p47 phox antibody and developed by using ECL-plus (Amersham Biosciences).
Results
The p47 phox PX Domain Is Normally Inaccessible to Phosphoinositides via Intramolecular Interaction with the C-Terminal SH3 Domain. We and others have reported recently that the PX domain of p47 phox interacts with various phosphoinositides including PtdIns(4)P, PtdIns(3,4)P 2 , PtdIns(4,5)P 2 , and PtdIns(3)P (11, 14) , whereas that of p40 phox specifically binds to PtdIns(3)P (11, 12, 14) . The presence of p47 phox in the cytoplasm before cell stimulation suggests that interaction of the p47 phox PX domain with membrane phospholipids does not occur in resting cells. Indeed, the full-length wild-type p47 phox was incapable of binding to phosphoinositides such as PtdIns(4)P (Fig. 1A) and PtdIns(3,4)P 2 (data not shown), whereas an isolated p47 phox PX domain did effectively bind to these lipids (Fig. 1A) . Thus the PX domain of p47 phox seems to be normally inaccessible to phosphoinositides.
We have shown recently that the p47 phox PX domain interacts intramolecularly with the C-terminal SH3 domain of this protein via the canonical SH3-target PXXP motif (RIIPHLP), and this interaction is abrogated by the amino acid substitution of arginine for the conserved residue Trp-263 in the SH3 domain (8) . To elucidate the mechanism that regulates the phosphoinositide-binding activity of the p47 phox PX domain, we tested whether the intramolecular interaction prevents the p47 phox PX domain from associating with phosphoinositides. The full-length p47 phox carrying the W263R substitution in the C-terminal SH3 domain was capable of binding to phosphoinositides such as PtdIns(4)P (Fig. 1B) , PtdIns(3,4)P 2 (Fig. 1B) , and PtdIns(4,5)P 2 (data not shown), indicating that the p47 phox PX domain in the resting state is likely inaccessible to phosphoinositides via the intramolecular interaction with the C-terminal SH3 domain. To clarify the mechanism that disrupts the intramolecular interaction between the PX and C-terminal SH3 domains to direct the PX domain toward phosphoinositides, we investigated the effect of phosphorylation of this protein, because it is well established that after cell stimulation p47 phox becomes phosphorylated to translocate from the cytoplasm to membranes (29) (30) (31) . In addition, we have elucidated recently that three serine residues in the C-terminal quarter of p47 phox (Ser-303, Ser-304, and Ser-328) are critical for the conformational change leading to the oxidase activation (7, 22) . Indeed, when cells were stimulated with PMA, a direct activator of PKC, a mutant p47 phox carrying the triple replacement of these serines with the kinaseinsensitive alanines (S303͞304͞328A) failed to translocate to membranes and to activate the NADPH oxidase, whereas the wild-type p47 phox became targeted to membranes ( Fig. 2A) and fully induced superoxide production (Fig. 2B) .
The phosphorylation-induced conformational change of p47 phox causes the exposure of the SH3 domains, which are normally masked via an intramolecular interaction; the unmasked SH3 domains bind to p22 phox , the small subunit of cytochrome b 558 (7, 21, 22) . It seems likely that this conformational change also increases the accessibility of the PX domain. As expected, p47 phox , which had been phosphorylated in vitro with PKC, was capable of binding to phosphoinositides such as PtdIns(4)P (Fig. 2C) . On the other hand, a mutant p47 phox with the S303͞304͞328A substitution could not interact with the lipid even when treated with PKC (Fig. 2C) . In addition, a mutant p47 phox carrying the simultaneous replacement of the three serines with aspartates (S303͞304͞328D), mimicking a phosphorylated form (7), was able to bind to PtdIns(4)P without treatment with PKC (Fig. 2D) . Thus phosphorylation of p47 phox likely induces a conformational change, i.e., a domain rearrangement, which may render the PX domain accessible to phosphoinositides. The solution structure of the p47 phox PX domain, which we determined recently, consists of three ␤-strands and four helices (8) . An inspection of the molecular surface of the p47 phox PX domain structure reveals a positively charged deep pocket (Ϸ8 Å in depth), where the two strongly conserved residues in various PX domains, Arg-90 and Phe-44, are exposed to the solvent (Fig.  3A) . Among the residues in the pocket, Arg-90 displayed the largest chemical-shift perturbation in the presence of the inositol phosphate ( Fig. 3 A and B) , suggesting its direct involvement in recognition of polar heads of phosphoinositides. To test this possibility, we prepared a mutant p47 phox PX domain and examined its activity in binding to phosphoinositides by the liposome assay. We chose lysine for the substitution for the arginine residue considering the possibility of bidentate nature of the hydrogen-bond interactions between the arginine side chain and the phosphate groups of inositol phosphates. This R90K substitution is more conservative than that of other amino acid residues, e.g., leucine as reported (11) , because it does not change the electrostatic property of the molecular surface. To clarify that the substitution does not affect the structural integrity of the domain, we measured the (A) Phosphoinositide-binding activity of the full-length p47 phox (p47-F). GST-p47-F, GST-p47-PX, or GST alone was incubated with phospholipids͞liposomes containing phosphatidylcholine (90%) and PtdIns(4)P (10%). P and S, liposomal pellet and supernatant after centrifugation, respectively. Samples were analyzed by 10% SDS͞PAGE, stained with Coomassie brilliant blue, and quantitated by densitometric analysis. The actual bands of GST alone, GST-p47-F, and GST-p47-PX are running at different molecular masses of Ϸ27, 73, and 40 kDa, respectively. (B) Effect of the W263R substitution on phosphoinositide-binding activity of p47-F. GST-p47-F or GST-p47-F(W263R) was incubated with phospholipids͞liposomes containing 10% PtdIns(4)P or PtdIns(3,4)P 2. Samples were analyzed as described for A. Each value represents the mean of data from more than three independent experiments, with bars representing the standard deviation. Fig. 2 . Phosphorylation-induced conformational change of p47 phox , which leads to its interaction with phosphoinositides. (A) Membrane translocation of the wild-type p47 phox (WT) and a mutant protein with the S303͞304͞328A substitution. The gp91 phox and p67 phox doubly transduced K562 cells were transfected with pREP4 vector or the vector encoding the full-length wild-type p47 phox or the one with the S303͞304͞328A substitution. After cell stimulation with PMA (200 ng͞ml), the cell lysates were fractionated by centrifugation, and the cytosolic (C) and membrane (M) fractions were analyzed by immunoblot with anti-p47 phox antibody. The actual bands of both wild-type and mutant proteins are running at 47 kDa. (B) Activation of the phagocyte NADPH oxidase by the wild-type p47 phox and a mutant protein with the S303͞304͞328A substitution. Cells were stimulated with PMA as described for A, and superoxide production was determined by superoxide dismutaseinhibitable chemiluminescence change, monitored with DIOGENES. (C) Effect of phosphorylation of p47 phox on its phosphoinositide-binding activity. GSTp47-F (WT) or GST-p47-F (S303͞304͞328A) was treated with PKC in vitro and incubated with phospholipids͞liposomes containing 10% PtdIns(4)P. Samples were analyzed as described for Fig. 1B . The actual bands of both GST-fusion proteins are 74 kDa. (D) Effect of the S303͞304͞328D substitution of p47 phox on its phosphoinositide-binding activity. GST-p47-F(WT) or GST-p47-F(S303͞ 304͞328D) was incubated with phospholipids͞liposomes containing 10% PtdIns(4)P. Samples were analyzed as described for Fig. 1. same as that of the wild-type p47 phox PX domain (data not shown), confirming the unchanged overall conformation after the R90K substitution. The mutant p47 phox PX domain with the R90K substitution bound to PtdIns(3,4)P 2 ( Fig. 4A) and PtdIns(4,5)P 2 (data not shown), but only weakly. Thus, this conserved residue is directly involved in binding to phosphoinositides.
Arg-90 Is Present in a Pocket

Phosphoinositide-Binding Activity of the p47 phox PX Domain Is Essential for Membrane Translocation of This Protein and Activation of the
Phagocyte NADPH Oxidase. Upon cell stimulation, p47 phox migrates from the cytoplasm to membranes, an event that is required for activation of the phagocyte NADPH oxidase (15) (16) (17) (18) . To test the role for the p47 phox PX domain, especially the role for its phosphoinositide-binding activity, we expressed a p47 phox lacking the PX domain and a full-length one with the R90K substitution in p47 phox -deficient K562 cells (7) . In response to PMA, an agent that directly stimulates PKC and fully activates the oxidase in cells, the wild-type p47 phox translocated to membranes and induced superoxide production (Fig. 4B) , whereas the PXtruncated protein could not (Fig. 4B) . Intriguingly, the R90K substitution also resulted in a severely impaired translocation and decreased superoxide production (Fig. 4B) , indicating that both events require the phosphoinositide-binding activity per se. Thus the p47 phox PX domain plays an essential role via its phosphoinositide-binding activity in translocation of this protein to membranes and activation of the NADPH oxidase. In addition, neither translocation of the wild-type p47 phox nor the oxidase activation was affected by the PtdIns 3-kinase inhibitors wortmannin (Fig. 4C ) and LY294002 (data not shown), indicating that the lipid kinase does not regulate both events in PMA-stimulated K562 cells.
Discussion
In the present study we show that although the isolated PX domain of p47 phox can interact directly with phosphoinositides, the lipid-binding activity of this protein is normally suppressed by intramolecular interaction of the PX domain with the Cterminal SH3 domain. Stimulus-induced phosphorylation of p47 phox disrupts the intramolecular interaction to direct the PX domain toward phosphoinositides. Resultant interaction of the PX domain with the phospholipids promotes membrane translocation of p47 phox and thus plays an essential role in activation of the phagocyte NADPH oxidase. Hence the protein phosphorylation-driven conformational change of p47 phox regulates the phosphoinositide-binding activity of the PX domain, which determines the localization of this protein, thereby serving as a switch for the oxidase.
The PX domain is thus required but does not seem sufficient for membrane translocation of p47 phox , because the isolated p47 phox PX domain neither binds to cell membranes in resting cells nor translocates to cell membranes in PMA-stimulated cells (R.T. and H.S., unpublished data). This may be due to the fact that it only binds weakly to phosphoinositides compared with other PX domains (ref. 11 and R.T. and H.S., unpublished data). We have shown previously that the SH3 domains of p47 phox are masked in the resting state (21, 32) and that phosphorylation causes a conformational change that renders the SH3 domains capable of specifically interacting with p22 phox , an interaction that also is essential for membrane translocation of p47 phox and thus for the oxidase activation (7, 22) . Taken together with the present findings, we propose a previously uncharacterized mechanism underlying the regulation of p47 phox in activation of the phagocyte NADPH oxidase (Fig. 5) . Stimulus-induced phosphorylation of p47 phox causes a conformational change, by which both PX and SH3 domains become accessible to their membranous targets, phosphoinositides and p22 phox , respectively. Cooperation of these two interactions, each being indispensable but not sufficient, enables p47 phox to form a stable complex with cytochrome b 558 , leading to activation of the phagocyte NADPH oxidase.
The present findings indicate that the p47 phox PX domain in the resting state is inaccessible to phosphoinositides via its intramolecular interaction with the C-terminal SH3 domain. This effect on the PX domain may be due to the fact that the SH3 domain directly masks the phosphoinositide-binding pocket or that the SH3 domain attenuates the PX-phosphoinositide interaction in an allosteric fashion. Data from our structural analyses prefer the latter explanation. We reported recently that chemical-shift changes are observed throughout the p47 phox PX structure when the p47 phox C-terminal SH3 domain interacts with the proline-rich segment of the PX domain, suggestive of an SH3 domain-induced conformational change (8) . In particular, Arg-90 and Phe-44 in the inositol phosphate-binding pocket are influenced by the interaction with the SH3 domain. In the present study, we performed another NMR titration experiment in which the addition of inositol phosphates to a solution of the p47 phox PX domain caused chemical-shift changes of several residues (Ile-9, Leu-11, Thr-53, Lys-55, Glu-56, and His-113) distant from the binding pocket (Fig. 3) , suggesting that a change of the PX domain conformation is induced by the inositol phosphate binding. Consistent with this, it is suggested that conformational changes of the PX domain of the yeast vacuole protein Vam7p accompany its interaction with PtdIns(3)P (9). Thus, the two PX ligands, i.e., inositol phosphates and the p47 phox C-terminal SH3 domain, seem to mutually influence the other's binding through conformational changes of the p47 phox PX domain. A similar SH3 domain-mediated regulation may occur in other PX domain-containing proteins that also harbor SH3 domains such as Bem1p and p40 phox (32) .
Phosphorylation-mediated membrane association is also observed in other PX-containing proteins such as mammalian phospholipase D1 (33, 34) and its yeast homologue Spo14p (35) , raising the possibility that the translocation also may be mediated by the PX domain and regulated by protein phosphorylation. On the other hand, in some cases the interaction of the PX domain with phosphoinositides could be constitutive rather than inducible. It has been shown that sorting nexins (36, 37) and the class II PtdIns 3-kinases (38) localized in the membrane fraction without cell stimulation, suggesting that their PX domains may interact constitutively with phosphoinositides.
This study provides a previously unknown example that proteinphosphoinositide interaction is elicited by protein phosphorylation. It seems evident that changes in the levels of phosphoinositides such as PtdInsP 3 and PtdInsP 2 are not involved in the interaction of p47 phox with phosphoinositides, at least in PMA-stimulated cells, because PMA does not affect the levels of the lipids (39, 40) , and PtdIns 3-kinase inhibitors do not affect membrane translocation of p47 phox in PMA-stimulated cells (Fig. 4C) . In contrast, in other known cases, a kinase or phosphatase for the inositol-containing lipids modulates interaction between lipids and proteins by producing specific phosphoinositides (1, 2) . Although the association of p47 phox with phosphoinositides is thus primarily regulated by protein phosphorylation, it is also possible that PtdIns 3-kinase can enhance the membrane recruitment in neutrophils stimulated with chemoattractants such as formyl-methionyl-leucyl-phenylalanine (fMLP): The PX domain of p47 phox is capable of binding to PtdIns(3,4)P 2 , a product of the lipid kinase, with high preference (11, 14) . It is well known that fMLP efficiently activates PtdIns 3-kinase in neutrophils, and fMLP-elicited superoxide production is inhibited by PtdIns 3-kinase inhibitors (39) (40) (41) .
It also should be noted that the PX domain of p40 phox preferentially binds to PtdIns(3)P, whereas the p47 phox PX domain prefers other phosphoinositides such as PtdIns(4)P and PtdIns(3,4)P 2 (11, 12, 14) . Because both proteins are tightly associated in the same protein complex in resting cells and simultaneously migrate to membranes upon cell stimulation (6, (15) (16) (17) (18) (19) , the difference in phosphoinositide specificity may suggest that the two PX domains associate with distinct types of membranes to facilitate a membrane fusion, which is expected to proceed during phagocytosis when the NADPH oxidase becomes activated. This possibility should be tested in future studies. 5 . A proposed mechanism underlying the regulation of p47 phox in activation of the phagocyte NADPH oxidase. Human p47 phox comprises 390 amino acid residues, and PX͞PB2 represents the PX domain (5), also called the PB2 domain (6, 7) . The C-terminal SH3 domain, containing Trp-263, interacts intramolecularly with the PXXP motif of the PX domain. Stimulus-induced phosphorylation of p47 phox causes a conformational change, by which both PX and SH3 domains become accessible to their membranous targets, phosphoinositides and p22 phox , respectively. Cooperation of these two interactions, each being indispensable, enables p47 phox to form a stable complex with cytochrome b 558 (composed of the two subunit gp91 phox and p22 phox ), leading to activation of the phagocyte NADPH oxidase.
